A sporulation medium for 134 Clostridium perfringens strains, including types A, B, C, D, E, and F, was devised according to Grelet's observation that sporulation occurred when cultural environment became limited in any nutritional requirement indispensable for the growth of the organism. Sporulation took place most prominently when 10%, cooked-meat broth (pH 7.2) containing 3% Proteose Peptone and 1%70 glucose was used for the preculture and 2% Poli Peptone medium (pH 7.8) was used for the subculture medium. Sometimes, terminal spores could be observed. A correlation between sporulation and heat resistance was examined by use of C. perfringens strains isolated from samples heated at different temperatures. Almost all strains isolated from unheated samples and from those heated at lower temperatures gave rise to spores in our sporulation medium, but the spores were weakly heat-resistant, whereas strains isolated from samples heated at 100 C for 60 min were highly heat-resistant but sporulated poorly. A majority of these heat-resistant strains were non-gelatinolytic and definitely salicin-fermenting.
1%70 glucose was used for the preculture and 2% Poli Peptone medium (pH 7.8) was used for the subculture medium. Sometimes, terminal spores could be observed. A correlation between sporulation and heat resistance was examined by use of C. perfringens strains isolated from samples heated at different temperatures. Almost all strains isolated from unheated samples and from those heated at lower temperatures gave rise to spores in our sporulation medium, but the spores were weakly heat-resistant, whereas strains isolated from samples heated at 100 C for 60 min were highly heat-resistant but sporulated poorly. A majority of these heat-resistant strains were non-gelatinolytic and definitely salicin-fermenting.
Hall et al. (9) claimed that certain food poisoning strains of Clostridium periringens obtained from British workers were heat-resistant but sporulated poorly in their medium and, on the contrary, that a number of C. perfringens strains collected from food poisoning in the United States or from other sources were not heat-resistant, but sporulated well. We also encountered a similar finding among C. perfringens strains isolated from soil samples heated at different temperatures. The strains recovered from samples preheated at 100 C for 60 min were heat-resistant but sporulated poorly, whereas the strains isolated from soil samples heated to 70 C for 10 min were far less heat-resistant but sporulated well. In this investigation we undertook to analyze a correlation between heat resistance and sporulating ability by examining a large number of C. perfringens strains isolated from samples heated at different temperatures. Naturally, this study prompted us to reinvestigate the problem of sporulation media for C. perfringens. In spite of the successful results for sporulation of this species described by Ellner (6) , the strains in our collection did not consistently exhibit sporulation in this medium.
In addition, we sometimes encountered terminal spores of this species in Ellner's or Angelotti's medium (1) . We therefore attempted to devise another medium for sporulation to determine whether the aberrant position is due to the particular character of these media or is an inherent property of this species. Furthermore, effects of heat selection on the biological properties were examined in parallel with the studies mentioned above to elucidate the nature of heat-resistant strains of this species.
MATERIALS AND METHODS Strains. A total of 440 wild strains of C. perfringens, consisting of 369 strains of type A, 37 of type C, and 34 of type D, were isolated and identified in our laboratory. Two strains each of types A, B, C, D, E, and F were kindly provided by National Collection of Type Cultures, London.
Sporulation medium and criteria for grade of sporulation. Precultures were grown in 10-ml quantities of 10% cooked meat broth contained in test tubes (16.5 by 165 mm). Proteose Peptone (Difco) and glucose were added to the medium to 3% and 11%, respectively. A 1-ml quantity of the 6-hr preculture was transferred into 2% Poli Peptone-water (Daigo Co., Osaka, Japan) (pH 7.8) and incubated. After 24 hr of incubation, the total culture was centrifuged and the sediment was smeared for the observation of sporulation grades. Considering that C. perfringens is an extremely poor sporulater, we graded the sporulation as follows. Smeared preparations were usually prepared so as to include approximately 100 to 300 cells per microscopic field. When each of 10 to 15 fields included one spore or more, they were denoted as +; when, in a similar number of fields, not every field included spores, they were denoted as 4, and, when spores were absent or almost entirely absent in 10 to NISHIDA, SEO, AND NAKAGAWA 15 fields examined, they were denoted as -. Further quantitative evaluation for these rough criteria was performed as follows. Each smeared preparation was stained by methylene blue, and refractile spores in a microscopic field were enumerated; immediately thereafter, the field was photographed for an exact measurement of total bacterial counts. Wirtz's spore stain (22) was employed when necessary in place of the methylene blue stain. The ability of a medium to give rise to spores was shown by a ratio of total spores to total cells in 20 microscopic fields.
The numerical ratio of heat-resistant cells to total viability was estimated by the most-probable-number method (11) . Our sporulation medium did not give rise to multiplication of the organism and exhibited decreasing total counts during cultivation. Therefore, estimation of the viability of total cells was performed immediately after the sporulation medium was inoculated. The number of heat-resistant cells was estimated after 24 hr of incubation.
Identification of C. perfringens. Conditions for isolation and identification of C. perfringens were as described in a previous paper (23) . Toxin typing was performed according to Oakley (17) . Antisera for typing were obtained from Wellcome Research Laboratories, England.
Biological properties. Routine biological tests were performed according to Sterne et al. (20) .
RESULTS
We attempted to devise a sporulation medium for C. perfringens, based upon the observation of Grelet (7) that sporulation took place when a cultural environment became limited in any requirement indispensable for the growth of the organisms. Fourteen C. perfringens strains, including types A, B, C, and D, were inoculated from different kinds of precultures into various media, because the differences of nutritional ingredients between precultures and subcultures could conceivably give rise to a shortage of growth factors in the subcultures. The possibility for such a situation to develop seemed more likely when the preculture is rich and the subculture is poor in the nutritional ingredients. Table 1 indicates that the inoculation from Proteose Peptone into Poli Peptone medium was definitely better than the reverse in the ability to yield spores, and that inoculation from the same peptone medium culture was inferior to that from a different peptone medium culture. The cooked-meat nutrient broth containing 3% Proteose Peptone seemed to be better than 3% Proteose Peptone water. The proposed medium was compared with the media of Ellner (6), Angelotti et al. (1), and Duncan et al. (5) for ability to yield spores. Smeared slides of five strains were committed to the test and 20 microscopic fields of each slide were examined as previously described. Table 2 indicates that the proposed medium gave rise to more spores consistently than did other media examined. The same kind of experiment was repeated twice and approximately the same results were obtained. In the course of these quantitative estimations, an evaluation for the qualitative criteria for sporulation grade (+ or -) was performed, and the result obtained revealed that the ratio of spores to total cells of the strains with sporulation grade "+" varied widely, ranging between 0.6 and 18%. No sporulation occurred when glucose was added to the sporulation medium to 1%. (Table 3) . Therefore, assuming that nutritional requirements for type D strains might be transferred together with the relatively large inoculum, so as to cancel differences in nutrients between preculture and subculture media, we repeated the experiment with different volumes of inoculum, such as 0.1, 0.2, 0.3, 0.4, 0.5, and 1.0 ml. Only the volumes of 0.1 and 0.2 ml proved to give rise to spores. Of the 34 type D strains which utilized 0.2 ml of inoculum, 79% exhibited sporulation.
Since all strains so far described were stock strains which have been subcultured every halfyear, there was a possibility that the successful results were due to the use of highly sporulating strains which were selectively subcultured. Fifteen strains of C. perfringens were isolated from feces samples heated at 60 C for 10 min and immediately committed to the test. All but one strain yielded spores wtih the grade " +." (Fig. 1) . In 7 hr of incubation, the stainability of sporangia was already weakened and the cell surface lost the distinctive features. In 30 hr, all spores were freed from sporangia. In most cases, however, the position of spores could not be observed because of the rapid inclination to free spores.
Heat resistance and sporulating ability. Effects of heat applied to the samples on the heat resistance and sporulating ability of strains recovered therefrom are illustrated in Table 4 . The higher the temperature, the smaller was the number of sporulating strains. This rather strange correlation was investigated quantitatively. Four strains isolated from unheated samples and five strains recovered from samples heated at 100 C for 60 min were used for the study. All of the former strains sporulated well with the grade "+," whereas, although two out of the latter five strains sporulated, the remaining three heat-resistant strains did not exhibit spores in microscopic fields examined (sporulation grade "-"). Quantitative estimations were made on heat resistance of these strains as follows. A l-ml quantity of a 6-hr preculture was inoculated into 10 ml of sporulation medium in a test tube (16.5 by 165 mm). After 24 hr of incubation, the culture was subdivided into seven equal portions, each of which was immediately subjected to heat at 60, 70, 80, 90, and 100 C, respectively, for 10 min, or to 100 C for 30 min or 60 min, respectively, and the number of heat-resistant cells was estimated by the most-probable-number method (11) . The results (Table 5 ) indicated that highly heat-resistant strains with a sporulation grade "-" yielded much fewer heat-resistant cells when tested at 70 or 80 C than did the strains with a sporulation grade "+." Further quantitative estimation was performed on the correlation be- 
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Ratio of heat-resistant cells to total cells lated from unheated samples and those isolated from samples heated at 100 C for 60 min. The ratios of cells resistant to 70 C for 10 min and to 100 C for 10 min to the total cells of these strains were estimated quantitatively ( Table 7) . Strains of the former group gave rise to higher yields of cells resistant to 70 C for 10 min, but none of them were resistant to 100 C for 10 min, whereas strains isolated from heated samples were categorized into three groups. Of the nine strains examined, five gave rise to low yields of cells resistant to both 70 and 100 C for 10 min, two produced fairly high yields of cells resistant to these temperatures, and the remaining two were not resistant to either of them.
Effects of heat selection on biological properties. C. perfringens strains recovered from human feces samples preheated at 70, 90, or 100 C for 10 min, respectively, were examined for biological properties. No differences could be found in abilities to attack glucose, maltose, sucrose, and lactose, nor in indole production, which was negative throughout the test. However, the higher the temperatures, the stronger was the ability to reduce nitrate and the fewer was the number of strains digesting coagulated serum or gelatin (Table 8) . To confirm the correlation between heating and gelatinolytic ability and to examine salicin fermentation, further isolation was carried out from human feces and soil samples. The strains were more salicin-fermentative and more gelatin-negative with higher temperatures (Table  9) . Although Bergey's Manual states that C. perfringens rarely ferments salicin, a majority of heat-resistant strains proved to be definitely salicin-fermentative and frequently to be gelatinolysis-negative as well. The same kind of experiment was performed for soil specimens from which 140 strains were isolated. A similar result was obtained in salicin fermentation, although the decrease in the number of gelatinolytic strains was not so evident among the heatresistant strains obtained from soil samples as among those obtained from feces samples.
These aberrant strains were reinvestigated for purity and for biological properties 2 years after (3, 4, 15) , however, demonstrated that heat applied to spores induced mutagenic effects. Since it is generally accepted that strains possessing complete sporulating ability are prototrophic and that those which possess attenuated sporulating ability or lack it are mutants, the so-called heat-resistant strains of C. perfringens recovered after heating to 100 C for 60 min may be regarded as strains which were subjected to mutagenic effects of heat as well as heat-selected. Hobbs et al. (10) and we (23) already demonstrated that these heatresistant strains possess extremely attenuated toxigenicities.
Meisel-Mikolajczyk and Osowicki (14) and Groom and Strong (8) reported high yields of spores of C. perfringens in Ellner's medium, whereas Hall et al. (9) and we did not observe constant sporulation in this medium. We believe, however, that the type of preculture employed in each laboratory may be responsible for the contradictory findings.
Considering that the aberrant strains were most frequently obtainable from samples heated at 100 C for 60 min and that these heat-selected strains were extremely poor sporulators, we believe that the conversion from aberrant to standard biotypes was due to the earlier extinction of cells with aberrant biotype rather than with standard biotype. Mansson and Smith (13) described an aberrant type of C. perfringens. We frequently isolated these aberrant forms from soil and samples of human and animal feces when the biological test was performed immediately after their isolation. The manner in which heat is related to the appearance of aberrant biotype must still be elucidated. In a previous paper we demonstrated, by use of C. bifermentans, that loss of sporulating ability gave rise to diversity in biological properties, toxigenicity, and immunological properties (12, 16, 21) . Recent investigations in spore genetics demonstrated similar results (2, 18, 19) . Our present findings further elucidate these aspects.
